The role of contracture in the manifestation of calcium paradox-induced damage was examined using 2,3-butanedione monoxime (BDM) to inhibit myofibrillar activity. Calcium and sodium gain, loss of intracellular components, and changes in structure were monitored. If 30 mM BDM was added at the time of calcium repletion after 10 minutes of calcium-free perfusion, some protection was afforded, particularly at the early stages of calcium repletion. However, much greater protection was obtained if BDM was present during the final 2 minutes of calcium-free perfusion and throughout repletion. Sodium gain and loss of intracellular components were markedly attenuated, as was the incidence of severely contracted cells. Calcium gain, although significantly reduced during the period of repletion, was not abolished. After 10 minutes of repletion, a calcium content of 11.44 ± 1.57 /imol/g dry wt was observed. This suggests that other noncontracture related routes of calcium entry are involved. If BDM is removed after 5 minutes of calcium repletion and perfusion is continued with BDM-free perfusate, there is a rapid gain of sodium, further gain of calcium, loss of intracellular components and the cells contract severely, tearing away from neighboring cells. It is evident, therefore, that returning calcium to hearts after a period of calcium-free perfusion under conditions that significantly reduce the typical calcium paradox-associated damage does not necessarily repair the underlying defect. These results support the hypothesis that contracture-induced sarcolemmal disruption may be responsible for the terminal manifestation of the calcium paradox. age. More recently, Vander Heide et al 9 have produced damage similar to that of the Ca 2+ paradox using caffeine-induced contracture of Ca 2+ -free perfused hearts and have suggested that contracture is the primary mediator of sarcolemmal membrane injury in hearts with intercalated disks weakened by Ca 2+ -free perfusion. The present studies were undertaken to investigate the role of contracture in the development and expression of damage induced by the calcium paradox. 2,3-Butanedione monoxime (BDM) was used to modulate myofibrillar activity. 10 BDM has a negative inotropic effect on both intact and chemically skinned cardiac muscle. 10 It has no major effect on either the electrical activity of the heart or the release of Ca 2+ from the sarcoplasmic reticulum.
T he return of Ca
2+ to hearts following only a few minutes of Ca 2+ -free perfusion is characterized by profound changes in the myocardium.'~3 This phenomenon is known as the calcium paradox," and the changes to the myocardium with Ca 2+ repletion following Ca 2+ -free perfusion include ultrastructural alterations, loss of intracellular components, and Na + and Ca 2+ gain. The Ca 2+ gain is rapid, complex, and comprises both an early and a late phase of entry. 5 The early phase contains a calcium antagonist-sensitive as well as a calcium antagonist-insensitive component, the latter probably involving Na + -Ca 2+ exchange activity. Contracture-induced sarcolemmal disruption may be responsible for loss of intracellular components and the late phase of Ca 2+ gain. 5 " 7 During Ca 2+ -free perfusion, the intercalated disks are weakened with separation occurring at the maculae and fasciae adherentes.
2 - 8 Ganote et al 7 have suggested that the force that develops with the reintroduction of Ca 2+ is sufficient to completely disrupt the intercalated disks and form holes in the sarcolemma, allowing an uncontrolled release of intracellular components and a massive entry of Ca 2+ . Ashraf et al 6 have also suggested a correlation between the damage caused upon Ca age. More recently, Vander Heide et al 9 have produced damage similar to that of the Ca 2+ paradox using caffeine-induced contracture of Ca 2+ -free perfused hearts and have suggested that contracture is the primary mediator of sarcolemmal membrane injury in hearts with intercalated disks weakened by Ca 2+ -free perfusion. The present studies were undertaken to investigate the role of contracture in the development and expression of damage induced by the calcium paradox. 2,3-Butanedione monoxime (BDM) was used to modulate myofibrillar activity. 10 BDM has a negative inotropic effect on both intact and chemically skinned cardiac muscle. 10 It has no major effect on either the electrical activity of the heart or the release of Ca 2+ from the sarcoplasmic reticulum. 10 " BDM reduces the sensitivity of the myofibrils to Ca 2+ , shifting the Ca 2+ sensitivity curve to the right.
l0 It also inhibits cross-bridge formation . "'   2 The myofibrils, therefore, are probably the major site of BDM action. The present study investigates the effect of BDM on the manifestation of the calcium paradox by using Ca 2+ and Na + gain, loss of intracellular components, and ultrastructural changes to monitor the response. The results provide new data relating to the role of contracture in the etiology of the calcium paradox.
Materials and Methods
Adult female (180-250 g) Sprague-Dawley rats were used in these studies. The animals were lightly anesthetized with a diethylether/oxygen mixture, and their hearts were rapidly removed. Extraneous tissue was removed from the heart, and the aorta was attached to a stainless steel cannula. Perfusion was in a nonrecirculating Langendorff mode 13 at a constant flow of 10-12 ml/min at 37° C. Flow was maintained at a constant rate using either a Watson-Marlow H.R. Flow-Inducer (Watson-Marlow Limited, Cornwall, U.K.) or a Solid State Masterflex variable speed controller (Cole-Parmer Instrument Co., Chicago, 111.). The perfusion buffers were delivered to the heart at 37° C, and the temperature of the heart was also maintained at 37° C by a surrounding water-heated jacket. The hearts were used as spontaneously beating preparations to avoid the release of endogenous norepinephrine by electrical stimulation.
Perfusion Buffers
All of the perfusion buffers were prepared with deionized distilled water and gassed with 95% O 2 -5% CO 2 At the end of the appropriate perfusion sequence, the coronary vasculature was flushed with 10 ml of an ice-cold 0.35 M sucrose/5 mM histidjne solution, pH 7.4, which had been pretreated with Dowex (50 W) as described by Alto and Dhalla. 1 This procedure was followed to minimize the contribution of extracellular Ca 2+ andNa + to measured cell Ca 2+ andNa + . The atria were discarded, and the ventricles were blotted and dried to constant weight at 100° C. The ventricles were digested in 3.0 ml of concentrated HN0 3 for 72 hours and the HNO 3 extract assayed for Ca 2+ and Na + content. Ca 2+ content was assayed by atomic absorption spectrophotometry as previously described. 3 To assay for Na + , 50 yi[ of the HNO 3 extract was added to 5 ml of Na + blank solution (51 mM KG) and the Na + content measured by atomic absorption spectrophotometry with a Varian atomic spectrophotometer at 589 nm.
Measurement of Loss of Intracellular Components
The coronary effluent was collected by timed collection throughout Ca 2+ repletion and was subsequently analyzed by spectrophotometry at 410 nm, using an SP6-550 Pye Unican spectrophotometer. Preliminary experiments showed that peak absorbance was obtained at 410 nm.
The loss of intracellular components was expressed as a percentage of total cellular components. The latter was determined by causing liberation of all intracellular components by perfusing hearts with 1% Triton X-100 in K-H.
Microscopy
At the end of the perfusion sequence, hearts for structural studies were fixed by perfusion for 5 minutes at room temperature with 2.5% glutaraldehyde in 0.1 M phosphate buffer (23 mM NaH 2 PO/2H 2 O, 77 mM NajHPOJ. Thin transverse sections of left ventricle were immersed in this fixative for a further 2 hours at 4° C. After thorough rinsing, the tissue was postfixed with 2% osmium tetroxide for 1.5 hours. The tissue was rinsed thoroughly with distilled water before dehydration through graded concentrations of acetone. It was then infiltrated with and embedded in araldite/epon resin.
For light microscopy, 0.5-/nm sections were cut, mounted on glass slides, and stained with methylene blue. These were transverse sections across the full width of the left ventricular wall. They were used to estimate the number of contracted cells and for selection of suitable representative areas to be studied by electron microscopy. The tissue blocks were trimmed to encompass these areas, and silver/gold sections were cut on an LKB HI ultramicrotome and mounted on copper grids. The sections were stained with uranyl acetate and lead citrate and were examined and photographed with a Jeol 1200 EX electron microscope.
Measurement of Contracted Cells
For the purpose of estimating the percentage of cells in a severely contracted state compared with those in a relaxed state, light microscope sections were examined with a Nikon light microscope. All cells that fell in the longitudinal plane in each section (150-250 cells) across the width of the left ventricle were included. They were classified as severely contracted if they stained dark and were completely separated from neighboring cells. Cells in a relaxed state were those that displayed regular cross striations, were adjoined to neighboring cells, and were stained pale. At least 4 sections were examined from each of 6 hearts for each perfusion sequence.
Reagents
Analytical reagent grade chemicals were used throughout, dl-Verapamil was obtained as a gift from Knoll AC, Ludwigshafen, FRG.
Statistical Analysis
The results are presented as the mean ± SEM of n experiments. One-way analysis of variance was used for tests of significance with p = 0.05 taken as the limit of significance.
Results

Control K-H Perfusion
Cells of hearts perfused with K-H for 30 minutes contained 3.55 ±0.07 /xmol Ca 2+ /g dry wt and 69.04 ± 3.20 /Amol Na + /g dry wt. When 30 mM BDM was added for the final 15 minutes, the hearts contained 3.84±0.27 fimol Ca 2+ /g dry wt and 44.41 ± 4.33 /Ltmol Na + /g dry wt. An explanation for this decrease in Na + content is not apparent from our experiments. On addition of 30 mM BDM, there was an immediate cessation of contractile activity. Removal of BDM resulted in its restoration with a recovery of >80% of the initial developed tension within 5 minutes.
Cells from hearts perfused with K-H appeared relaxed, with regular cross striations when viewed with the light microscope. Ultrastructural examination confirmed the presence of relaxed myofibrils (Figure 1) , abundant glycogen, an intact sarcolemma, and dense mitochondria. The mitochondria frequently contained small electron dense granules, although not many can be seen in Figure 1 . Adjacent cells were closely apposed in the regions of the intercalated disks ( Figure  1 ). BDM did not alter this appearance. Cells of hearts perfused for 10 minutes with Ca 2+ -free K-H appeared relaxed. We observed the partial separation of cells at the maculae and fasciae adherentes regions of the intercalated disks (Figure 2A ) and the formation of blebs between the layers of the glycocalyx ( Figure 2B ). When 30 mM BDM was present for the final 2 minutes of Ca 2+ -free perfusion, this appearance was not altered. (Figure 3 ) such that a content of 40.68 ±2.19 /imol/g dry wt was attained within the first 2 minutes. At the same time, cell Na + levels increased rapidly (Figure 4 ).
C'a 2 *-Free K-H Perfusion
Effect of BDM on Cell
The addition of 10 mM BDM either on repletion only or throughout the perfusion sequence had no effect on either cell Ca 2+ or Na + (results not shown). However, if 30 mM BDM was added, we observed a decrease in both the Ca 2+ and Na + gain (Figures 3  and 4) . When 30 mM BDM was added at the time of Ca 2+ repletion, there was a significant decrease in the cell Ca 2+ and Na + over the first 2 minutes. Thereafter, the Ca 2+ content increased steadily, showing no differences from the levels obtained in the absence of BDM (Figure 3) . The Na + content in the presence of 30 mM BDM increased rapidly during 2 and 5 minutes of repletion and was not different from the level obtained after 5 minutes repletion in the absence of BDM (Figure 4 ). Between 5 and 10 minutes repletion in the absence of BDM, the Na + content continued to rise, while when 30 mM BDM was present, it tended to fall slightly (Figure 4 ) to 92.63 ±3.26 fimoVg dry wt.
Adding 30 mM BDM for the final 2 minutes of Ca 2+ -free perfusion and throughout repletion reduced the Ca 2+ and Na + levels even further (Figures 3 and 4) , and the reduction was maintained throughout the 10-minute repletion period so long as BDM was present. When BDM was removed and perfusion continued with K-H, there was a rapid increase in cell Ca 2+ and Na + (Figures 3 and 4) . However, even when added prior to Ca 2+ repletion, BDM failed to abolish the gain in cell Ca 2+ . The calcium channel blocker verapamil was added together with BDM to determine whether a component of this Ca 2+ gain involved entry via the calcium selective channels. When 10 /nM verapamil was added with 30 mM BDM for the final 2 minutes of Ca 2+ -free perfusion and throughout repletion, the Ca 2+ gain appeared to be further reduced (Figure 3 ), although this reduction did not attain statistical significance when analyzed by one-way analysis of variance. 
Effect of BDM on Loss of Intracellular
Repletion (mln)
free perfusion is shown in Figure 5 . In the absence of BDM, Ca 2+ repletion causes a massive loss of intracellular components, peaking 1 minute after the return of Ca 2+ . Thus, the largest loss of intracellular components occurred between 30 seconds and 1 minute after Ca 2+ repletion, indicating that the majority of cells lose their integrity during this period. Similarly, the greatest amount of Ca 2+ is accumulated between 30 seconds and 1 minute after Ca 2+ repletion (a gain of appoximately 20 pimol/g dry wt).
When 30 mM BDM was present during the Ca 2+ repletion phase, there was a reduced loss of intracellular components ( Figure 5 ). Addition of 30 mM
BDM or 30 mM BDM and 10 FIM verapamil for 2 minutes prior to Ca 2+ repletion and during Ca 2+ repletion almost totally abolished the loss of intracellular components ( Figure 5 ). This attenuation was maintained only so long as BDM was present. Removal of BDM resulted in a rapid loss of intracellular components ( Figure 5 ). from neighboring cells. These cells show contraction bands, extrusion of mitochondria from within the cell, and complete rupture of the sarcolemma (Figure 7) . Addition of 30 mM BDM during Ca 2+ repletion reduced the incidence of severely contracted cells to 47 ±12% (Figure 6 ). Dispersed among these contracted cells were cells in a relaxed state (Figure 8) . The contracted cells appeared as in Figure 7 , while those in a relaxed state had an appearance similar to that of cells of hearts perfused with Ca 2+ -free medium. When 30 mM BDM was added for the 2 minutes prior to Ca 2+ repletion and retained during Ca 2+ repletion, the number of extremely contracted cells was reduced to almost zero (Figure 6 ). These cells displayed ultrastructural features similar to those found after Ca 2+ -free perfusion (Figure 2 ). The cells were relaxed and partially separated at the intercalated disks. Blebbing of the glycocaJyx was noted.
Effect of BDM on Structure of the Cells During Ca
When BDM was removed and perfusion continued with K-H, almost all the cells switched to a severely contracted state within 2 minutes.
Effect ofOsmolarity on Cell Ca
2 * During Ca
2+
Repletion Following Ca
-Free Perfusion Thirty millimolar BDM raises the osmolarity of K-H to 315-320 mosm/kg. It was possible, therefore, that its protective effect could have been due to this increase in osmolarity. To test this possibility, 30 mM sucrose was added to K-H to raise the osmolarity to an equivalent level. When 30 mM sucrose was substituted for BDM, there was no effect on Ca 2+ gain or loss of intracellular components, i.e., no protection was afforded by this increase in osmolarity.
Discussion
Addition of 30 mM BDM (an agent that inhibits myofibrillar activity) to the perfusion medium only during Ca 2+ repletion provided significant protection against the Ca 2+ paradox-induced ultrastructural damage, Ca 2+ and Na + gain, and loss of intracellular components. However, this protection was greater, as gauged by these four parameters, if this concentration of BDM was also present during the last 2 minutes of Ca 2+ -free perfusion (after 8 minutes of Ca 2+ -free perfusion). Since 8 minutes of Ca 2+ -free perfusion is far in excess of the time required to induce a severe paradox under our experimental conditions, 5 it is probable that the added protection was due to the greater opportunity afforded BDM to reach its site of action in all cells. Thirty millimolar BDM was required to obtain significant protection against the Ca 2+ paradox. This relatively high concentration is not surprising when one considers that BDM acts by decreasing the sensitivity of the myofibrils to Ca gain is significantly inhibited (Figure 3) . It would appear, therefore, that an entry of Ca 2+ through areas of sarcolemma damaged by blebbing must be confined to the early phase of Ca 2+ entry, if it occurs at all, and that this blebbing is not directly involved in the larger, late Ca 2+ gain. It should be noted that Ca 2+ permeability of sarcolemmal fragments isolated from hearts subjected to the calcium paradox is not increased. 17 The present findings support our earlier hypothesis, 5 and those of Ganote et al, 7 Ashraf et al, 6 and Vander Heide et al 9 concerning the series of events leading to the final manifestation of damage associated with the Ca 2+ paradox (Table 1) . Initially, on Ca 2+ repletion, cytosolic Ca 2+ increases, presumably because of a relatively small entry of Ca 2+ , probably through physiologic pathways. These pathways include routes that are sensitive as well as others that are insensitive to Ca 2+ antagonists. 3 The raised cytosolic Ca 2+ activates the myofibrils," causing active tension generation that in turn causes the cells to separate at the intercalated disks, which were weakened by the prior Ca 2+ -free perfusion. The sudden development of tension is also probably responsible for the tearing of the sarcolemmal membrane. This activation of the myofibrils is inhibited by BDM and is, we believe, associated with loss of intracellular components, Na + gain, and further Ca 2+ gain (Table 1) . Even in the absence of contracture-induced damage, Ca 2+ gain is not limited to the small, early component of entry, with Ca 2+ levels being reached that are four times those of hearts perfused with K-H for 30 minutes. However, we believe it is contracture-induced sarcolemmal disruption that is responsible for the final manifestation of the Ca 2+ paradox.
